Exposure to seasonal temperatures during the last month of gestation and the risk of preterm birth in Stockholm. by Vicedo-Cabrera, Ana M et al.
Int. J. Environ. Res. Public Health 2015, 12, 3962-3978; doi:10.3390/ijerph120403962 
 
International Journal of 
Environmental Research and 
Public Health 
ISSN 1660-4601 
www.mdpi.com/journal/ijerph 
Article 
Exposure to Seasonal Temperatures during the Last Month of 
Gestation and the Risk of Preterm Birth in Stockholm 
Ana M. Vicedo-Cabrera †,‡,*, David Olsson † and Bertil Forsberg † 
Department of Public Health and Clinical Medicine, Occupational and Environmental Medicine,  
Umeå University, SE901 87 Umeå, Sweden; E-Mails: david.olsson@envmed.umu.se (D.O.); 
bertil.forsberg@envmed.umu.se (B.F.) 
† These authors contributed equally to this work. 
‡ Current address: Swiss Tropical and Public Health Institute. Socinstrasse 57, P.O. Box,  
CH-4002 Basel, Switzerland. 
* Author to whom correspondence should be addressed; E-Mail: anamaria.vicedocabrera@unibas.ch; 
Tel.: +44-061-284-83-97. 
Academic Editor: Paul B. Tchounwou 
Received: 27 January 2015 / Accepted: 1 April 2015 / Published: 10 April 2015 
 
Abstract: Recent evidence from studies performed mainly in warm climates suggests an 
association between exposure to extreme temperatures late in pregnancy and an increased 
risk of preterm delivery. However, there have been fewer studies on the effect of low 
temperatures. The aim of this study is to explore the potential association between both 
heat and cold during late pregnancy and an increased risk of preterm birth in the northern 
location of Stockholm, Sweden. All singleton spontaneous births that took place in greater 
Stockholm (1998–2006) were included. Non-linear and delayed effects of mean temperature 
on the risk of preterm birth were explored through distributed lag non-linear models. 
Extreme and moderate heat and cold were estimated separately through quasi-Poisson 
regression analysis in two seasonal periods (heat in warm season, cold in cold season). The risk 
of preterm birth increased by 4%–5% when the mean temperature reached the 75th percentile 
(moderate heat) four weeks earlier (reference: the annual median value), with a maximum 
cumulative risk ratio of 2.50 (95% confidence interval: 1.02–6.15). Inconsistent associations 
were obtained for cold and extreme heat. Exposure to moderately high temperatures during 
late pregnancy might be associated with an increase in risk of preterm birth in Stockholm. 
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1. Introduction 
Effects of climate change on population health have barely been investigated but are a major public 
health concern. One of the emerging research issues gaining attention is the effect of exposure to high 
or low temperatures during pregnancy. A few recent studies addressed the potential association 
between the exposure to extreme temperatures and different birth outcomes, including preterm birth, 
low birth weight, stillbirth, and congenital anomalies [1–9]. It is known that pregnant women might be 
more susceptible to temperature extremes due to the extra physical and mental strain of pregnancy and 
their limited ability to maintain temperature balance [10,11]. Several studies with animal models 
observed direct effects on embryo and fetus development associated with maternal hyperthermia [12]. 
In fact, the fetus has a limited ability to regulate temperature, and it is entirely dependent upon the 
mother’s thermoregulatory capacity [12]. However, to date the population of pregnant women has not 
been yet considered as a vulnerable group in the current Heat Health Warning Systems in force.  
Preterm birth, referring to all births with gestational age < 37 complete weeks [13], is the leading 
cause of perinatal mortality and morbidity worldwide [14,15], and gestational age at delivery is one of 
the key determinants of fetal maturity at birth [16]. It is reported that preterm infants are more likely to 
experience adverse health outcomes during childhood and later in life [16–19]. In recent decades, great 
efforts have been made to reduce the burden of disease due to prematurity, mainly by identifying 
potential risk factors in different populations. Along with several fetomaternal characteristics, recent 
studies have suggested an association between preterm delivery and environmental factors such as 
meteorological variables and air pollution levels [20–22]. Short-term effects of both high and low 
temperatures have been observed in several studies performed in different settings [2,3,6,7,9,23], but in 
other studies this association seemed unclear [24,25]. To our knowledge, only one study explored the 
effects of a very cold climate using data from the early twentieth century [23]. 
2. Methods 
2.1. Data Collection 
Data on all deliveries by women residing in the greater Stockholm area from 1998 to 2006 were 
extracted from the Swedish Medical Birth Register. The number of inhabitants in the greater 
Stockholm area is about 1.6 million per 3500 km2, with approximately 40% of the population residing 
in the city proper. 
We restricted the analysis to all singleton births whose labor had not been artificially induced  
and whose reported gestational age was between 22 and 42 weeks. Gestational age was estimated 
through ultrasound examinations in more than 98% of the births in the Swedish Medical Birth 
Register. For the remainder of the cases, gestational age was calculated according to the mother’s last 
recalled menstrual period. 
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Greater Stockholm is located in northern Europe and borders the Baltic Sea. It has a temperate 
climate with very mild summer temperatures and cold winters. During the study period, daily air 
temperature and humidity data were derived from the monitor located in Central Stockholm and 
managed by the City of Stockholm Environment and Health Administration.  
Daily 24-h mean concentrations of particulate matter (PM) with aerodynamic diameter < 10 µm 
(PM10), nitrogen dioxide (NO2), and daily maximum eight-hour running mean of ozone (O3) were 
calculated using the hourly measurements taken from an urban background (rooftop) station located in 
Central Stockholm managed by the City of Stockholm Environment and Health Administration. 
2.2. Statistical Analysis 
We performed a time-series analysis where the main outcome was the daily count of preterm births. 
Poisson generalized additive models accounting for overdispersion were combined with distributed lag 
non-linear models (DLNM) [26], and these were applied to assess the non-linear and delayed 
contribution of temperature on preterm birth up to four weeks before the delivery.  
A modified pregnancies-at-risk approach was applied to properly account for the short-term 
variations of the population at risk [9]. This consisted of introducing an offset with the daily count of 
all pregnancies at risk of being preterm on a specific day (that is, all gestations that were between the 
22nd and 36th week on a specific day). A correction term was also included that represents the daily 
distribution of the gestational age of the pregnancies included in the offset, with the aim of weighting 
the counts by the probability of giving birth conditional on the gestational age. The rationale for doing 
this is that higher gestational age increases the likelihood of giving birth, thus the potentially different 
distribution across days would give a variable baseline probability of preterm births that could affect 
our short-term association estimates [27].  
Daily mean temperature was used as the main exposure metric to explore the contribution of heat 
and cold on the risk of preterm birth. This decision was made with the aim of simplifying the approach 
and was based on the similarity to the results obtained in the preliminary analysis for mean, maximum, 
and minimum temperature (Figure A1). To do this, our study period was split into two different 
seasons according to their similarity in monthly mean-temperature distributions; the warm season was 
defined as May to September, and the cold season as October to April. In both cases we obtained eight 
seasonal sub periods, from May 1998 (upper limit) to September 2005 (lowest limit) for warm season, 
and from October 1998 to April 2006 for cold season. We did not include the 2006 warm season 
because the offset of pregnancies-at-risk began to decrease gradually from approximately mid-August 
2006 (22 weeks before 31 December 2006, that is, the last date of inclusion of pregnancies). In other 
words, new pregnancies-at-risk were not incorporated in the offset upon this date because of the 
truncation of the series at the end of 2006. Thus, we obtained risk estimates associated with high 
temperatures when the analysis was restricted to the warm season and the corresponding risk estimates 
of low temperatures when the analysis was restricted to the cold season.  
In each case, we obtained two different association estimates according to the range of temperature 
explored: the moderate heat (and cold) that was estimated in terms of risk ratio (RR) and its 95% 
confidence interval (CI) for the increase (or decrease) in daily mean temperature from the annual 
median value to the 75th percentile of the warm season distribution (or 25th percentile of the cold 
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season). Additionally, RR estimates were obtained for the extreme heat and cold expressed as the 
change in risk when mean daily temperatures reached the 99th/1st percentile (using as reference value 
the 75th/25th percentile, respectively) of the corresponding season. In the main analysis, we reported 
the results as lag-specific RR estimates and the overall cumulative RR up to 30 days (calculated as the 
sum of the contributions of each lag-specific RR up to this day). 
According to DLNM methodology, mean daily temperature was introduced in all models as a  
cross-basis term. Two natural cubic spline functions with two degrees of freedom (df) were specified 
to accurately capture the relationship between temperature and the outcome, and across the lag-specific 
estimates up to 30 days, similarly to previous studies [9]. The combination of the number of df in each 
function was selected according to quasi-Akaike Information Criterion (q-AIC), choosing between  
2, 3, 4, and 5 df, where the corresponding internal knots were placed at equally spaced percentile 
values of temperature (by default) and at equally spaced intervals in the log scale of lags. 
We controlled for long-term trends and seasonality through two penalized cubic splines with 1 df 
per year and month in each season (testing between 0.8, 1, 2, 3 df per month or year). This was a 
conservative method, but it had enough flexibility to properly control for confounding. Also, factor 
variables such as the day of the week and holidays were introduced in the model along with a non-linear 
term of mean relative humidity (as a penalized cubic spline with 5 df of the moving average of two 
consecutive days). Again, the number of df was selected according to the q-AIC. 
Several additional analyses were performed to better characterize the estimated associations 
obtained in the main analysis. We obtained the week-specific cumulative RR for moderate/extreme 
heat and cold using the initial definitions of warm and cold seasons and restricting each season period 
to the hottest and/or coldest months. That is, we defined a restricted warm season from June to August 
and the corresponding cold season between November and March.  
We also compared the cumulative RR estimates of the main model with the ones obtained when air 
pollutants were considered. We introduced each air pollutant (O3, NO2, PM10) one by one in the main 
model for temperature effect as a linear term of the moving average of the previous week. 
Additionally, we tested the linearity of this air pollution term comparing the fitting of the initial 
approach (using a linear term) with the fitting when a non-linear term was introduced (penalized cubic 
spline with 10 df) using the ANOVA Fisher test. Finally, we explored how the air pollution coefficient 
varied when mean temperature (as a cross-basis term) was or was not included in the model. 
Analyses were performed with STATA version 11 software (StataCorp LP, College Station, Texas) 
and the DLNM package in the R software version 2.15.1 (R Development Core Team, 2012) [26]. 
3. Results 
During the entire study period (from 1998 to 2006), a total of 134,802 births took place in the 
greater Stockholm area. However, only 95,069 births (70.5%) met the inclusion criteria for the present 
study, with an overall proportion of preterm birth during the study period of 3.5% (Table 1). A higher 
number of births were included in the cold season analysis, but the estimated mean numbers of births 
per month in each season were similar with 915 and 910 births per warm and cold months, 
respectively. Likewise, we obtained a slightly higher incidence of preterm births during the cold 
season (3.7% versus 3.3% in the warm season). 
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Table 1. Description of the distribution of total and preterm births included in the study per period. 
Period Total Births Preterm Births N (%) 
Annual 95,069 3,321 (3.5%) 
Warm season  36,577 1,204 (3.3%) 
Restricted warm season  21,065 706 (3.2%) 
Cold season  51,052 1,878 (3.7%) 
Restricted cold season 35,555 1,349 (3.8%) 
Notes: Warm season (May–September, 1998–2005). Restricted warm season 
(June–August, 1998–2005). Cold season (October–April, 1998–2006). Restricted 
cold season (November–March, 1998–2006). 
As shown in Table 2, the median value of the daily mean temperature in the entire annual series was 
7.7 °C, whereas the corresponding values for the warm and cold season periods were 15.2 °C and 2.0 °C, 
respectively. Extreme temperatures in greater Stockholm ranged from 25.6 °C, the maximum value of 
daily (24 h) mean temperature registered during the study period, to the minimum value of −21.5 °C. 
Similar humidity patterns were observed between the different seasonal periods, with a median value 
around 77% in the annual series, and 83.0% in the cold season and 70.2% in the warm season. Several 
differences in correlation between the daily levels of air pollutants and mean temperature and humidity 
were observed in each season (Table 3). We obtained a moderate correlation coefficient between mean 
temperature and O3 (r = 0.3318) and PM10 (r = 0.2495) in the warm season, but almost no correlation 
for NO2 (r = −0.0685). In the cold months, NO2 seemed to be negatively correlated with temperature  
(r = −0.3044). Higher correlation coefficients were obtained between air pollutants and relative 
humidity, for example, for O3 in both seasonal periods and for PM10 in the cold season. 
According to Figure 1, we observed different association patterns between high and low 
temperatures and the risk of preterm birth (as cumulative RR up to 30 days). A positive and 
statistically significant slope of heat was obtained for moderately high temperatures registered during 
the warm season, with a maximum cumulative RR of 2.50 [95% CI: 1.02–6.15] when mean 
temperature reached the 75th percentile. Consistent results were not observed for the range of extremely 
high temperatures. On the other hand, a slightly negative but inconsistent association was obtained for 
cold temperatures, with no noticeable changes in the slope between the two temperature intervals. 
Our results suggest different distribution patterns for the contribution of heat and cold on the risk of 
preterm birth across the 30-day lagged period (Figure 2). In Table A1, the numerical RR estimates 
(and 95% CI) of this figure are reported. We obtained a delayed heat effect when temperature 
increased up to the 75th percentile (moderate heat interval) during the warm season consisting of an 
increased risk of preterm birth of 4%–5% from the 22nd to the 28th day after the exposure.  
For moderately low temperatures, despite obtaining negative but non-significant association estimates 
in the first week after the exposure, only a small increased risk was obtained during the third week of 
exposure (RR from lag16 to lag24 of 1.01 [95% CI: 1.00–1.02]). Again, consistent results were not 
obtained for an increase or decrease in extreme temperatures (from the 25th/75th to the 1st/99th 
percentile) (Figure 2, bottom). 
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Table 2. Descriptive statistics of the environmental variables in Stockholm (1998–2006). 
Environmental Variables Minimum 1th Percentile 25th Percentile Median 75th Percentile 99th Percentile Maximum 
Meteorological conditions               
Mean temperature (°C) Annual −21.5 −11.6 1.5 7.7 14.5 23.1 25.6 
WS/WSr 2.5 8.9 5.4 10.2 12.4 14.8 15.2 16.7 17.5 18.88 24.0 24.28 25.6 25.58 
CS/CSr −21.5 −21.5 −13.1 −14.2 −1.5 −2.8 2.0 0.2 5.6 3.0 12.7 8.5 15.5 10.5 
Relative humidity (%) Annual 34.6 43.7 67.0 77.8 85.8 94.6 97.5 
WS/WSr 34.6 34.6 39.6 39.6 61.0 61.3 70.2 69.8 78.1 78.0 92.5 92.3 96.0 93.9 
CS/CSr 42.8 51.5 48.2 55.3 74.3 77.8 83.0 84.4 87.7 88.7 94.4 94.4 96.9 96.3 
Air pollution levels 
NO2 (µg/m3) Annual 2.4 5.0 12.0 16.7 21.5 39.6 70.8 
WS/WSr 3.2 3.2 4.3 4.7 10.3 9.6 14.0 13.4 18.4 17.5 34.2 31.2 43.2 43.2 
CS/CSr 3.1 4.4 5.7 6.2 14.2 14.8 19.0 19.7 23.7 24.3 41.9 42.1 70.8 70.8 
O3 (µg/m3) Annual 7.2 21.6 51.6 64.4 78.2 114.8 143.4 
WS/WSr 23.8 25.6 34.4 35.2 60.3 61.6 72.1 71.7 84.2 84.1 117.1 117.9 126.5 125.8 
CS/CSr 7.2 7.2 19.5 19.0 46.2 44.5 57.6 55.9 70.6 67.5 110.7 92.8 127.1 107.4 
PM10 (µg/m3) Annual 2.2 4.1 9.3 12.8 18.4 48.6 87.6 
WS/WSr 3.3 3.5 4.8 4.1 9.3 9.0 12.1 11.5 15.7 14.7 42.2 33.7 67.0 55.7 
CS/CSr 2.2 2.2 3.8 3.8 9.1 8.8 13.2 12.6 20.6 18.9 49.1 46.6 87.6 76.3 
Notes: WS: warm season (May–September, 1998–2005). WSr: restricted warm season (June–August, 1998–2005). CS: cold season (October–April, 1998–2006).  
CSr: restricted cold season (November–March, 1998–2006). 
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Table 3. Pearson correlation coefficients estimated between the corresponding daily 
environmental variables per season (grey shade for warm season; black for cold season). 
Mean Temperature Mean Relative Humidity NO2 O3 PM10 
Mean temperature 1 −0.1637 −0.3044 0.1346 0.183 
Mean relative humidity −0.1559 1 0.1552 −0.681 −0.438 
NO2 −0.0685 0.1097 1 −0.2929 0.157 
O3 0.3318 −0.4571 −0.1277 1 0.404 
PM10 0.2495 −0.1205 0.2905 0.4748 1 
 
Figure 1. Top: Cumulative risk ratio (RR) and 95% confidence interval of preterm birth up 
to 30 days by mean temperature. Bottom: kernel distribution graphs of the mean 
temperature (Grey: entire annual period; Red: warm season; Blue: cold season). Vertical 
dashed lines in different mean temperature values: 1st and 25th percentile of the cold 
season (–13.1 °C; –1.5 °C), mean value of the entire annual series (black, long dash)  
(7.7 °C), and 75th and 99th percentile of the warm season (17.5 °C; 24 °C). 
In Figure 3, the heat and cold estimates are shown in terms of the cumulative RR estimated at the 
end of each week (from week 1 to week 4) with the different models explained in the Methods Section. 
If we only considered the results of the main analysis (labeled as “WS”) for heat, we did not observe 
any consistent cumulative RR of extreme temperatures in the different weeks, whereas for the 
moderate interval an increasing trend in RR estimates was obtained from week 1 to week 4. The only 
statistically significant results were for the last week, which corresponds to the reported result in 
Figure 1. Similar estimates were obtained for moderate heat, except when O3 (“WS + O3”) was 
included in the model, which produced RR values that were slightly smaller compared to the main 
model estimates. The same pattern was observed for the extreme heat estimates, but in this case the 
risk values in the O3 model were below 1 and statistically significant, and it remained constant 
throughout the four weeks. As expected, when we restricted the analysis to the hottest months, higher 
but not statistically significant RR estimates were obtained for extreme heat. The RR of moderate heat 
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was not estimated for this restricted period due to the lack of statistical power (insufficient number of 
days with moderate mean temperature).  
 
Figure 2. Lag-specific risk ratios (RR) and 95% confidence interval of the effect of 
moderate mild (top) and extreme (bottom) heat and cold up to 30 days after the exposure 
(a: defined percentile of the annual mean temperature distribution; CS/WS: defined 
percentile of mean temperature distribution in the cold or warm season). 
Focusing on the results from main analysis for cold (Figure 3, bottom, labeled as “CS”), we 
observed a positive trend of the cumulative RR for moderate temperatures from week 1 to week 4, but 
in this case, statistically significant risk values below 1 were obtained for the 1st week after the 
exposure (RR = 0.87 [95% CI: 0.76–0.99]), and any RRs for extreme cold effect again reached 
significance. On the other hand, similar association estimates were obtained if we restricted our 
analysis to the coldest months or when O3 and NO2 were considered in the model. However, the 
cumulative RR changed slightly towards zero for extreme cold when PM10 was included (“CS + 
PM10”) in weeks 1, 2, and 3 compared to the “CS” estimate.  
Finally, the results shown in Table A2 suggest that there was no direct association between air 
pollutants per se and the risk of preterm birth, even if we did not consider temperature in the model.  
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Notes: WS/CS: estimates per season with the main temperature model; WSr/CSr: estimates using the same 
main model applied in the restricted warm (June–August) and cold (November–March) seasons, respectively. 
WS/CS + air pollutants (linear terms of moving average level of the previous week). 
Figure 3. Cumulative risk ratios (RR) estimated up to the end of each week (from the  
1st to 4th week after the exposure) for moderate/extreme heat and cold effects in the 
different models. 
4. Discussion 
This study explored the association between the risk of preterm birth and the exposure to heat and 
cold during late pregnancy in a northern population in Europe. Our results suggest that exposure to 
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moderate heat during the previous four weeks before the delivery might be associated with an 
increased risk of giving birth prematurely. However, no changes in risk were obtained for extreme heat 
or cold temperatures. The present study provides more evidence about this public health issue, which is 
gaining the attention of the main entities involved in health protection (for example, the World Health 
Organization, Intergovernmental Panel on Climate Change) in the face of climate change. However, 
the still-unknown mechanisms triggering preterm delivery, along with the heterogeneity among study 
populations and climate conditions, make the assessment of the role of ambient temperature as a risk 
factor for preterm birth challenging.  
We observed different heat and cold association patterns, with non-significant changes in the risk of 
preterm birth due to low temperatures, which is in agreement with the results of Schifano et al. [6].  
A recent study also performed in a Swedish population suggests similar exposure-response relationship 
between high and low temperatures and risk of preterm deliveries [23]. However, they included birth 
data from the beginning of the twentieth century and, in contrast to our approach, they used as the 
exposure variable the average temperature during the entire gestation period. 
With regard to high temperatures, several investigations in both European and non-European 
populations reported an immediate increase in the risk of preterm birth during the following days  
after the exposure to high temperatures or heat waves, with consistent effects lasting up to one  
week [6,7,9,28,29]. In contrast, our results suggest a more delayed increased risk of up to four weeks 
after the exposure to moderate heat, but not for short-term exposures, nor for extreme temperatures. 
We did not observe any noticeable difference in the risk estimates for maximum and/or minimum 
temperature with the results for mean daily temperature (Figure A1). This supports the idea that 
extreme temperatures (or episodes), which might be better captured by maximum and minimum daily 
temperatures, were not found to be associated with increased risk of preterm birth. We note that most 
of the previous study settings were predominantly in warm climates, and so the reported immediate 
effects referred to temperatures that were clearly above the range corresponding to the moderate heat 
(from 7°C to 17 °C), and even the extreme interval (from 17°C to 24 °C), in Stockholm. Another 
reason that might explain this effect for moderate heat, and not for extreme temperatures, might be the 
fact that people usually stay outdoors longer when the ambient temperature is moderate because this 
temperature range might be considered as less harmful than extreme temperatures.  
In light of our results, one might suggest that this delayed estimate of moderate temperatures would 
be related to a different underlying mechanism that might trigger preterm delivery. We propose several 
potential explanations for this delayed effect. First, it has been reported that one of the multiple risk 
factors of preterm delivery is the development of an inflammatory process due to an intrauterine 
infection, accounting for near 40% of all cases of premature birth [30]. We argue that this span of one 
month between exposure and preterm birth might coincide with the time needed for the infection to 
develop, that is, from the colonization of the microorganisms to the initiation of the inflammatory 
response [31]. Thus, it might be possible that the exposure to warm temperatures might trigger this 
chain of events that concludes with the initiation of a preterm delivery. Another possible reason could 
be the association of elevated temperatures and changes in blood pressure in specific exposure 
windows during pregnancy. Because most of the preterm cases were in the 35th or 36th week of 
gestation (70% of the preterm births in our population), the exposure to moderate temperatures might 
have occurred when these preterm cases were in their 31st or 32nd gestational week (four weeks 
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earlier). We argue that during this gestational window pregnant women might be more susceptible to 
even small increases in temperatures, and in fact, it is reported that from the beginning of the third 
trimester (from the 28th week onwards) maternal blood pressure begins to increase [32].  
In the present study, the exposure to cold was not found to be associated with a higher risk of 
preterm birth, which is contrary to the results reported in a Swedish study where extreme cold 
adversely affected preterm birth [23]. As stated before, the comparability of those results with the ones 
obtained in this work is limited because they used 100-year-old data and the temperature indicator 
corresponded to the mean exposure levels during the entire gestation period; however, we cannot 
disregard the possibility that cold temperatures might have an effect if the exposure had occurred prior 
to late pregnancy. It would be interesting to identify in future work the critical exposure window in 
utero, beyond the short-term effect, when the exposure to defined ranges of temperature might alter the 
health status of the pregnant women and subsequently trigger preterm delivery. 
We performed several additional analyses in order to shed more light on our results. We restricted 
the heat and cold analyses to the hottest and coldest months and, as expected, higher RR estimates 
were obtained in the extreme heat from the first week after exposure (Figure 3). However, as 
previously stated, due to the reduction in the length of the series and the resulting loss of statistical 
power, these effects did not reach statistical significance. This fact would suggest that the effect of 
occasionally very hot days, but not the whole season, might be more immediate than the moderate heat 
effect. This fact is contrary to the results from a similar study conducted in Valencia, Spain, where 
moderate heat was associated with an immediate increase in risk of preterm birth, while a more 
delayed effect (two weeks after exposure) was obtained for extreme temperatures during the warm 
season [9]. In other studies, the effect of a heat wave or extreme temperatures on preterm birth were 
obtained during the first week after the exposure [6,28]. These contrasting results show the difficulty in 
generalizing location-specific temperature effects to other regions due to potential acclimatization of 
the population to different climates. 
We observed a slight decrease in RR estimates when weekly average O3 levels were included in the 
heat-effect model and when PM10 was considered in the cold-effect model compared to the main 
results. Because we did not observe any effect of both air pollutants on the risk of preterm birth by 
themselves (Table A2), it might be possible that in the case of O3 this change in RR estimate might be 
due to the fact that both variables are moderately correlated during the warm season (Table 3). Also, if 
we control for O3 we are subtracting the effect that temperature exerts on the risk of preterm birth 
through the generation of O3. In fact, a recent commentary discussed the potential inappropriateness of 
controlling for air pollutant levels in temperature models because this might be an intermediate 
variable between temperature and the outcome [33]. Regarding PM10, it seems that change in RR was 
only observed in the very low temperature interval and during the first and second week after the 
exposure. The correlation between both variables was very low, even considering only the lowest 
range of temperatures (r = 0.0430); therefore, the joint effect between temperature and PM10 should be 
further addressed in future works.  
To our knowledge, this is the first study performed in a cold climate that explores the short-term 
effects of heat and cold on preterm birth. As stated previously, the consequences of exposure to both 
high and low temperatures during gestation have been addressed in a limited number of studies 
compared to the number of studies exploring the association between birth outcomes and other 
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environmental variables such as air pollution. Likewise, a wide heterogeneity in the results has been 
observed across the different study locations, perhaps due to the general characteristics and habits of 
the population and acclimatization. This limits the generalizability of the conclusions derived in the 
different studies. In addition, there is no agreement in several methodological aspects, such as the 
explored exposure window, the definition of the study population, heat or cold indicators, etc. Thus, 
new research performed in defined or unexplored locations contributes useful evidence. In order to 
continue advancing knowledge on the relationship between temperature and preterm birth, it  
would be necessary to perform new studies on this issue in other locations and using a common 
methodological framework. 
In the present study, we performed a time-series analysis that enabled us to control for the 
underlying seasonal trend in conceptions that, if not controlled for, might have introduced bias in our 
temperature-effect estimates. We also took into account the potential short-term variations of the 
population at risk by applying the modified version of the pregnancies-at-risk approach. This consists 
of including in the model not only the daily count of ongoing pregnancies-at-risk at each day (between 
the 23rd and 36th gestational week), but also the daily distribution of the gestational age of this set-at-risk 
as a way to control to the variable baseline risk of giving birth depending on the week of gestation. 
Likewise, the influence of time-invariant confounding variables, such as individual maternal 
characteristics or habits, is controlled by design. Also, our estimates would not be affected by other 
unmeasured confounders that might vary across time (i.e., maternal smoking behavior), mainly 
because these would need to fluctuate in the same time scale as temperature does (day by day) in order 
to confound our results.  
We restricted the analysis to all spontaneous births as a way to exclude planned deliveries and to 
better evaluate the effect of temperature as a trigger for preterm birth, as was done in other studies [2,7]. 
However, the establishment of these inclusion criteria means that we considerably reduced the sample 
size of our study population. The number of preterm birth cases per day with these characteristics was 
relatively low (the mean daily count was 1.05 (SD: 1.05) preterm births) compared to other recent 
studies [2,3,6]. This fact limits our ability to obtain robust effect estimates, as can be observed from the 
borderline results and wide confidence intervals. 
5. Conclusions 
In conclusion, one of the key elements for improving protection of the population from temperature 
effects, and more generally to climate change, is to identify specific vulnerable subgroups for whom 
targeted prevention measures should be addressed. We observed an increased risk of giving birth 
prematurely after exposure to moderate heat during the last month of gestation, which suggests that 
pregnant women might be considered a subpopulation that is potentially susceptible to heat. Despite 
our small and in some cases inconsistent estimates, it should be taken into account that even small 
effects of a ubiquitous exposure on an important health outcome can have large public health impacts. 
Given the extensive contribution of preterm delivery to infant mortality estimates worldwide and the 
considerable impact on premature newborns’ health later in life, our results, along with the evidence 
obtained from previous studies, should be considered for the design of future policies combatting 
climate change. 
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Appendix 
 
Notes: The model applied was the same as the one used in the main analysis for mean temperature, and 
according to q-AIC, the selected specifications for the cross-basis dimensions (natural spline-natural spline, 
with 2df in each).  
Figure A1. Cumulative risk ratio (RR, 95% confidence interval) of preterm birth up to  
30 days for maximum daily temperature (red) and minimum daily temperature (blue) 
estimated for the warm and cold seasons, respectively. Vertical dashed lines, from right to 
left: 1st and 25th percentile of minimum daily temperature during the cold season (dotted, 
blue) (−18 °C; −4 °C), median minimum daily temperature for the annual series (dashed, 
blue) (4 °C), median maximum daily temperature for the annual series (dashed, red)  
(10 °C), 75st and 99th percentile of maximum daily temperature during the warm season 
(dotted, red) (21 °C; 29 °C). 
Table A1. Lag-specific risk ratio and 95% confidence intervals of the effect of heat and 
cold in moderate and extreme temperatures. 
Lag Moderate Heat Effect Extreme Heat Effect Moderate  Cold Effect Extreme Cold Effect 
1 1.02 [0.91–1.14] 0.97 [0.88–1.06] 0.97 [0.94–1.00] 0.97 [0.9–1.04] 
2 1.02 [0.92–1.12] 0.97 [0.90–1.05] 0.97 [0.95–1.00] 0.97 [0.91–1.03] 
3 1.02 [0.93–1.10] 0.97 [0.91–1.04] 0.98 [0.96–1.00] 0.98 [0.93–1.03] 
4 1.02 [0.95–1.09] 0.98 [0.93–1.03] 0.98 [0.96–1.00] 0.98 [0.94–1.03] 
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Table A1. Cont. 
Lag Moderate Heat Effect Extreme Heat Effect Moderate  Cold Effect Extreme Cold Effect 
5 1.02 [0.96–1.08] 0.98 [0.94–1.02] 0.99 [0.97–1.00] 0.99 [0.95–1.02] 
6 1.02 [0.97–1.07] 0.98 [0.95–1.02] 0.99 [0.98–1.00] 0.99 [0.96–1.02] 
7 1.02 [0.97–1.06] 0.98 [0.95–1.02] 0.99 [0.98–1.00] 1.00 [0.97–1.02] 
8 1.02 [0.97–1.06] 0.98 [0.95–1.02] 1.00 [0.99–1.01] 1.00 [0.97–1.03] 
9 1.02 [0.97–1.06] 0.99 [0.96–1.02] 1.00 [0.99–1.01] 1.00 [0.98–1.03] 
10 1.02 [0.97–1.06] 0.99 [0.96–1.02] 1.00 [0.99–1.01] 1.00 [0.98–1.03] 
11 1.02 [0.97–1.07] 0.99 [0.96–1.02] 1.00 [0.99–1.02] 1.01 [0.98–1.03] 
12 1.02 [0.97–1.07] 0.99 [0.96–1.03] 1.00 [0.99–1.02] 1.01 [0.98–1.04] 
13 1.02 [0.97–1.07] 0.99 [0.96–1.03] 1.01 [0.99–1.02] 1.01 [0.98–1.04] 
14 1.02 [0.97–1.07] 1.00 [0.96–1.03] 1.01 [0.99–1.02] 1.01 [0.98–1.04] 
15 1.02 [0.97–1.08] 1.00 [0.96–1.03] 1.01 [0.99–1.02] 1.01 [0.98–1.04] 
16 1.02 [0.97–1.08] 1.00 [0.96–1.03] 1.01 [1.00–1.02] 1.01 [0.98–1.04] 
17 1.03 [0.98–1.08] 1.00 [0.97–1.03] 1.01 [1.00–1.02] 1.01 [0.98–1.03] 
18 1.03 [0.98–1.08] 1.00 [0.97–1.03] 1.01 [1.00–1.02] 1.00 [0.98–1.03] 
19 1.03 [0.98–1.08] 1.00 [0.97–1.03] 1.01 [1.00–1.02] 1.00 [0.98–1.03] 
20 1.03 [0.99–1.08] 1.00 [0.97–1.03] 1.01 [1.00–1.02] 1.00 [0.98–1.03] 
21 1.04 [0.99–1.08] 1.00 [0.98–1.03] 1.01 [1.00–1.02] 1.00 [0.98–1.02] 
22 1.04 [1.00–1.08] 1.01 [0.98–1.03] 1.01 [1.00–1.02] 1.00 [0.97–1.02] 
23 1.04 [1.00–1.08] 1.01 [0.98–1.03] 1.01 [1.00–1.02] 0.99 [0.97–1.02] 
24 1.04 [1.00–1.09] 1.01 [0.98–1.04] 1.01 [1.00–1.02] 0.99 [0.97–1.02] 
25 1.05 [1.00–1.09] 1.01 [0.98–1.04] 1.01 [0.99–1.02] 0.99 [0.96–1.02] 
26 1.05 [1.00–1.10] 1.01 [0.98–1.05] 1.00 [0.99–1.02] 0.99 [0.95–1.02] 
27 1.05 [1.00–1.11] 1.01 [0.97–1.05] 1.00 [0.99–1.02] 0.98 [0.95–1.02] 
28 1.05 [1.00–1.11] 1.01 [0.97–1.06] 1.00 [0.98–1.02] 0.98 [0.94–1.02] 
29 1.06 [0.99–1.13] 1.01 [0.96–1.07] 1.00 [0.98–1.02] 0.98 [0.93–1.02] 
30 1.06 [0.99–1.14] 1.01 [0.96–1.08] 1.00 [0.98–1.02] 0.97 [0.92–1.02] 
Table A2. Effect of air pollution levels (moving average of the last 7 days) on the risk of 
preterm birth by season, when the cross-basis term of mean temperature is included or not 
in the model, and the corresponding quasi-Akaike value (q-AIC). Effect reported in percent 
change per 10 µg/m3 increase in air pollutant levels. 
Air Pollutant 
Warm Season Cold Season 
% Change [95% CI] q-AIC % Change [95% CI] q-AIC 
O3 −1.76 [−8.58–5.12] 3146.7 1.04 [−4.02–6.13] 4671.0 
O3 + Mean temperature (cross-basis) 7.75 [−2.02–17.61] 2528.9 −0.21 [−5.46–5.07] 4610.9 
PM10 −7.07 [−20.01–6.05] 3145.7 −0.68 [−8.63–7.34] 4671.1 
PM10 + Mean temperature (cross-basis) 0.90 [−23.45–25.85] 2530.7 −3.73 [−12.23–4.84] 4610.0 
NO2 −8.19 [−29.07–13.15] 3146.4 −11.68 [−25.53–2.37] 4667.8 
NO2 + Mean temperature (cross-basis) 1.63 [−26.28–30.34] 2530.7 −6.87 [−23.42–9.97] 4610.0 
Conflicts of Interest 
The authors declare no conflict of interest. 
  
Int. J. Environ. Res. Public Health 2015, 12 3976 
 
 
References 
1. Van Zutphen, A.R.; Hsu, W.-H.; Lin, S. Extreme winter temperature and birth defects:  
A population-based case-control study. Environ. Res. 2014, 128, 1–8. 
2. Basu, R.; Malig, B.; Ostro, B. High ambient temperature and the risk of preterm delivery. Am. J. 
Epidemiol. 2010, 172, 1108–1117. 
3. Strand, L.B.; Barnett, A.G.; Tong, S. Maternal exposure to ambient temperature and the risks of 
preterm birth and stillbirth in Brisbane, Australia. Am. J. Epidemiol. 2012, 175, 99–107. 
4. Chodick, G.; Shalev, V.; Goren, I.; Inskip, P.D. Seasonality in birth weight in Israel: New 
evidence suggests several global patterns and different etiologies. Ann. Epidemiol. 2007, 17,  
440–446. 
5. Murray, L.J.; O’Reilly, D.P.; Betts, N.; Patterson, C.C.; Davey Smith, G.; Evans, A.E. Season and 
outdoor ambient temperature: Effects on birth weight. Obstet. Gynecol. 2000, 96, 689–695. 
6. Schifano, P.; Lallo, A.; Asta, F.; De Sario, M.; Davoli, M.; Michelozzi, P. Effect of ambient 
temperature and air pollutants on the risk of preterm birth, Rome 2001–2010. Environ. Int. 2013, 
61C, 77–87. 
7. Wang, J.; Williams, G.; Guo, Y.; Pan, X.; Tong, S. Maternal exposure to heatwave and preterm 
birth in Brisbane, Australia. BJOG Int. J. Obstet. Gynaecol. 2013, 120, 1631–1641. 
8. Torrey, E.F.; Bowler, A.E.; Rawlings, R.; Terrazas, A. Seasonality of schizophrenia and 
stillbirths. Schizophr. Bull. 1993, 19, 557–562. 
9. Vicedo-Cabrera, A.M.; Iñíguez, C.; Barona, C.; Ballester, F. Exposure to elevated temperatures 
and risk of preterm birth in Valencia, Spain. Environ. Res. 2014, 134C, 210–217. 
10. Wells, J.C.K. Thermal environment and human birth weight. J. Theor. Biol. 2002, 214, 413–425. 
11. Wells, J.C.K.; Cole, T.J. Birth weight and environmental heat load: A between-population 
analysis. Am. J. Phys. Anthropol. 2002, 119, 276–282. 
12. Ziskin, M.C.; Morrissey, J. Thermal thresholds for teratogenicity, reproduction, and development. 
Int. J. Hyperth. 2011, 27, 374–387. 
13. World Health Organization. WHO: Recommended definitions, terminology and format for 
statistical tables related to the perinatal period and use of a new certificate for cause of perinatal 
deaths. Modifications recommended by FIGO as amended October 14, 1976. Acta Obstet. 
Gynecol. Scand. 1977, 56, 247–253. 
14. Blencowe, H.; Cousens, S.; Oestergaard, M.Z.; Chou, D.; Moller, A.-B.; Narwal, R.; Adler, A.; 
Vera Garcia, C.; Rohde, S.; Say, L.; et al. National, regional, and worldwide estimates of preterm 
birth rates in the year 2010 with time trends since 1990 for selected countries: A systematic 
analysis and implications. Lancet 2012, 379, 2162–2172. 
15. Liu, L.; Johnson, H.L.; Cousens, S.; Perin, J.; Scott, S.; Lawn, J.E.; Rudan, I.; Campbell, H.; 
Cibulskis, R.; Li, M.; et al. Global, regional, and national causes of child mortality: An updated 
systematic analysis for 2010 with time trends since 2000. Lancet 2012, 379, 2151–2161. 
16. Berkowitz, G.S.; Papiernik, E. Epidemiology of preterm birth. Epidemiol. Rev. 1993, 15,  
414–443. 
  
Int. J. Environ. Res. Public Health 2015, 12 3977 
 
 
17. Escobar, G.J.; Clark, R.H.; Greene, J.D. Short-term outcomes of infants born at 35 and 36 weeks 
gestation: We need to ask more questions. Semin. Perinatol. 2006, 30, 28–33. 
18. Marlow, N.; Wolke, D.; Bracewell, M.A.; Samara, M.; EPICure Study Group. Neurologic and 
developmental disability at six years of age after extremely preterm birth. N. Engl. J. Med. 2005, 
352, 9–19. 
19. Anderson, P.; Doyle, L.W.; Victorian Infant Collaborative Study Group. Neurobehavioral 
outcomes of school-age children born extremely low birth weight or very preterm in the 1990s. 
JAMA 2003, 289, 3264–3272. 
20. Bosetti, C.; Nieuwenhuijsen, M.J.; Gallus, S.; Cipriani, S.; La Vecchia, C.; Parazzini, F. Ambient 
particulate matter and preterm birth or birth weight: A review of the literature. Arch. Toxicol. 
2010, 84, 447–460. 
21. Darrow, L.A.; Klein, M.; Flanders, W.D.; Waller, L.A.; Correa, A.; Marcus, M.; Mulholland, J.A.; 
Russell, A.G.; Tolbert, P.E. Ambient air pollution and preterm birth: A time-series analysis. 
Epidemiology 2009, 20, 689–698. 
22. Olsson, D.; Mogren, I.; Forsberg, B. Air pollution exposure in early pregnancy and adverse pregnancy 
outcomes: A register-based cohort study. BMJ Open 2013, doi:10.1136/bmjopen-2012-001955. 
23. Bruckner, T.A.; Modin, B.; Vågerö, D. Cold ambient temperature in utero and birth outcomes in 
Uppsala, Sweden, 1915–1929. Ann. Epidemiol. 2013, 24, 116–121. 
24. Wolf, J.; Armstrong, B. The association of season and temperature with adverse  
pregnancy outcome in two German states, a time-series analysis. PLoS One 2012, 7, 
doi:10.1371/journal.pone.0040228. 
25. Auger, N.; Naimi, A.I.; Smargiassi, A.; Lo, E.; Kosatsky, T. Extreme heat and risk of early 
delivery among preterm and term pregnancies. Epidemiology 2014, 25, 344–350. 
26. Gasparrini, A. Distributed lag linear and non-linear models in R: The package DLNM. J. Stat. 
Softw. 2011, 43, 1–20. 
27. Darrow, L.A.; Strickland, M.J.; Klein, M.; Waller, L.A.; Flanders, W.D.; Correa, A.; Marcus, M.; 
Tolbert, P.E. Seasonality of birth and implications for temporal studies of preterm birth. 
Epidemiology 2009, 20, 699–706. 
28. Kent, S.T.; McClure, L.A.; Zaitchik, B.F.; Smith, T.T.; Gohlke, J.M. Heat waves and health 
outcomes in Alabama (USA): The importance of heat wave definition. Environ. Health Perspect. 
2014, 122, 151–158. 
29. Dadvand, P.; Basagaña, X.; Sartini, C.; Figueras, F.; Vrijheid, M.; de Nazelle, A.; Sunyer, J.; 
Nieuwenhuijsen, M.J. Climate extremes and the length of gestation. Environ. Health Perspect. 
2011, 119, 1449–1453. 
30. Goldenberg, R.L.; Culhane, J.F.; Iams, J.D.; Romero, R. Epidemiology and causes of preterm 
birth. Lancet 2008, 371, 75–84. 
31. Combs, C.A.; Gravett, M.; Garite, T.J.; Hickok, D.E.; Lapidus, J.; Porreco, R.; Rael, J.; Grove, T.; 
Morgan, T.K.; Clewell, W.; et al. Amniotic fluid infection, inflammation, and colonization in 
preterm labor with intact membranes. Am. J. Obstet. Gynecol. 2014, 210, 125.e1–125.e15. 
  
Int. J. Environ. Res. Public Health 2015, 12 3978 
 
 
32. Macdonald-Wallis, C.; Lawlor, D.A.; Fraser, A.; May, M.; Nelson, S.M.; Tilling, K. Blood 
pressure change in normotensive, gestational hypertensive, preeclamptic, and essential hypertensive 
pregnancies. Hypertension 2012, 59, 1241–1248. 
33. Buckley, J.P.; Samet, J.M.; Richardson, D.B. Commentary: Does air pollution confound studies of 
temperature? Epidemiology 2014, 25, 242–245. 
© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/4.0/). 
